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Abstract

The primary photo-chemical events of the aqueous colloidal solutions containing surface-modified CdS particles were investigated by
two different methods, of which one employed subpicosecond spectroscopy to measure the transient absorption due to photo-generated
electrons in the primary photo-chemical events, and the other stationary irradiation to measure their photo-stability. The pH dependence of
transient absorption due to photo-generated electrons (trapped and hydrated electrons) in the colloidal solutions of thioglycerol (TG)-capped
CdS (TG-CdS) and mercaptoacetate (MA)-capped CdS (MA-CdS) is similar to that of their photo-stabilities under the stationary irradiation,
respectively. However, there was large difference in the pH dependence between TG-CdS and MA-CdS. Namely, the absorption intensity
and the photo-stability decrease with lowering pH of the solutions for MA-CdS in the pH range lower than 7, where the negative charge
of a carboxyl group of MA is neutralized by addition of proton. However, absorption intensity and photo-stability were hardly influenced
by pH of the solution in whole pH range in the case of TG-CdS. These results suggest that the negative charge of the capping agents
acts advantageously on the hole-trapping process in the primary photo-chemical events of the surface-modified CdS particles and their
photo-stability.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electrons and holes to reactants locating nearby, it may be
meaningful to investigate the role of the capping agent on
Semiconductor photo-catalytic reactions utilizing in- the primary photo-chemical events of the particles in order
tensive redox forces of electrons and holes generated byto design effective photo-catalysts. For this reason, we have
photo-excitation of semiconductor particles have been studied the behavior of electrons and holes photo-generated
studied actively due to their potential attraction for the on CdS nanoparticles with the surface modified by cap-
application to photo-decomposition of water, the removal of ping agents such as thiols, which governs the efficiency
environmental pollutants and so fir-3]. The time-resolved ~ of photo-catalytic reactions, from the analysis of their
transient absorption spectra of semiconductor particles havetime-resolved transient absorption spectra measured by
also been investigated by a fast kinetic spectroscopy topump—probe techniqugg3-27]
clarify their primary photo-chemical evenig-22). In the present study, as part of our studies for thiol-capped
In connection with the improvement of the efficiency of CdS particles, subpicosecond time-resolved transient ab-
the reaction, we have paid attention to the capping agentssorption spectra of mercaptoacetate (MA)-CdS and thioglyc-
introduced to the surface of CdS particles to obtain the erol (TG)-CdS were measured using their aqueous colloidal
nanoparticles with a narrow-size distribution, which are solutions adjusted at various pH values in order to clarify the
convenient for spectroscopic analy§&8—25] As there is influence of the proton-dissociation equilibrium of capping
possibility that the capping agents on the surface of the par-agents on the transfer of the holes photo-generated on the
ticles act as a relay for the transfer of the photo-generatedparticles to the capping agents. On the other hand, to support
the discussion based on pH dependence of the transient ab-
* Corresponding author. Tel:81-98-895-8527; fax:81-98-895-8565.  SOrption, pH dependence of photo-stability of the particles
E-mail addressuchihara@sci.u-ryukyu.ac.jp (T. Uchihara). under the stationary irradiation was also investigated. Since
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MA has a dissociable proton except a thiol proton and TG spectroscopy systef5,26] The pump pulse was a 396 nm

does not have any dissociable proton, these were chosen apulse generated by frequency doubling of the fundamental

capping agents for comparison. output Amax = 792nm) from a Ti:sapphire regenerative
amplifier using a BBO crystal and the probe pulse was a
white light continuum generated by focusing the residual

2. Experimental of the fundamental output into a 10 mm quartz cell con-
taining water. The pulse width of both pulses, estimated
2.1. Preparation of aqueous colloidal solutions by their cross-correlation using the generation of the sum
containing CdS particles with the surface modified frequency, was less than 1ps. The pump pulse intensity
by capping agents was usually 15@.J per pulse. The transient absorption

spectra were acquired as follows. At each delay time, 10

An aqueous colloidal solution of MA-CdS was prepared shots of signals were accumulated and the calculation of
by referring to the method reported by Zhang ef{&6] as AA (A: absorbance) was carried out by using them. By
follows. Twenty-five milliliters of 0.02 M cadmium chloride ~ repeating similar acquisition and calculation, 5-12 sets of
and 25 ml of 0.03 M sodium mercaptoacetate were mixed in AA were obtained at each delay time. The average values
a 200 ml Erlenmeyer flask in a cool stirrer (FDC-900, FINE) of them were used adA at each delay time for subse-
maintained at 25C and then 4 ml of 0.1 M sodium hydrox- ~quent data processing. The correction of the chirp for the
ide was added into it. While stirring the solution, 25 ml of probe pulse was performed for the spectra by utilizing
0.021M sodium sulfide was added dropwise to the flask the rise time for the transient absorption of perylene in
with a buret. The yellow-tinged, transparent colloidal solu- acetone.
tion containing MA-CdS particles was obtained. After stir- In the measurements, the concentration of all colloidal so-
ring the colloidal solution for 1 h, it was allowed to stand in lutions was adjusted as their absorbance at 396 nm (pump-
a refrigerator until use. The colloidal solution was used for ing wavelength) to be 0.6 with a 2mm cell. The colloidal
measurements after returning to room temperature and theirsolutions were usually circulated between a non-fluorescent
pH adjusted. An aqueous colloidal solution of TG-CdS was quartz cell (2mm in pass length) and a sample reservoir by
prepared by dispersing TG-CdS particles, which were syn- a roller pump during the measurements to avoid the dam-
thesized by pyrolysis of thiourea in the presence of cadmium age from the pump pulse though ordinary quartz cells (2 mm
acetate and thioglycerol, into watg¥4,28] in pass length) were also used for some of the measure-

The size of CdS core of both capped CdS particles was ments. Other details for the measurements of the transient
ca. 2.5nm. It was estimated from the absorption spectra ofabsorption and data processing were described elsewhere
their aqueous colloidal solutions shownhig. 1 by use of [25-27]
the relationship between the particle size and the absorp-
tion edge for Cdg29]. The pH of colloidal solutions was ~ 2-3. Stationary irradiation experiments

adjusted using sodium hydroxide or hydrochloric acid by
monitoring their pH with a pH meter. In the stationary irradiation experiments for comparing

the photo-stability of the CdS colloidal solutions, a 396 nm
2.2. Measurements of subpicosecond transient absorption menochromatic light obtained by passing the light from
spectra a xenon lamp (500W, UI-501C, Ushio Denki) through

a monochromator (CT-10, Japan Spectro) was used as a

The time-resolved transient absorption spectra were mea-light source. The concentration of all colloidal solutions
sured by a pump—probe technique with a subpicosecondV@s adjusted so that their absorbance at 396 nm (pumping
wavelength) was 1.8 with a 10 mm cell. The experiments

were usually carried out as follows. A 3ml of each col-
loidal solution was transferred into a square quartz cell
(10mm path length) with a glass stopper using a transfer
pipet. The colloidal solution in the cell was irradiated with

a 396 nm monochromatic light for at most 4 h while stirring
with a magnetic stirrer. The irradiation was interrupted and
its absorption spectrum was measured every 30min. The
photo-stability of the colloidal solutions was confirmed by
0 1 ! ] monitoring the change of their absorbance at 396 nm. The
200 300 400 500 600 relative change of absorbance that reflects the dissocia-
Wavelength/nm tion and the aggregation of CdS particles was used for the
discussion of the photo-stability of the CdS colloidal solu-
tions. Other experimental details were described elsewhere

2.0

MA-CdS

1.0 |-

Absorbance

TG-CdS

Fig. 1. Absorption spectra of the agueous colloidal solutions containing
TG-CdS and MA-CdS particles. The quartz cells with 2mm path length
were used for the measurement.
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3. Results and discussion
o |(TG-CdS) 2ps
3.1. The pH dependence of the transient absorption
of aqueous colloidal solutions containing the é 1
e . pay ns
surface-modified CdS particles S 05 ./._._,__’/——0
®

The transient absorption spectrum of an aqueous colloidal =z
solution containing MA-CdS particles, which was measured S 0.0l ! ! !
at 2 ps after Ias_er excitatiqn and correcte_d for the ch?rp of 8 (MA-CdS) 2ps
a probe pulse, is shown irig. 2 The transient absorption § 1.0} 0 o
spectrum of MA-CdS colloidal solution grew within the du- § /O\D
ration of a pump pulse (ca<1ps) over whole monitoring = o 1ns
wavelength region as shown in the inset as an example and g 0.5+
showed a very broad spectral shape with its absorption max- /4/"——.‘.
imum around 700 nm, as well as that of TG-CdS colloidal
solution already reportef6,27] And further its spectral 0.0 . \ .
shape hardly changed, even if pH of the colloidal solu- 4.0 6.0 8.0 10.0
tion was changed. A broad transient absorption spectrum of pH

TG-CdS colloidal solution which spreads to the whole visi- Fio. 3 The oH d g  the intensity of the transient absorori
i wavelngih o s altady bt ot overiap 2,7 2 ST o e of v et st
of three absorptions which originate from trapped electrons, MA-CdS particles, which were measured at 2ps and 1ns after the laser
trapped holes and hydrated electrons from analogy to thatexcitation.
of ordinary CdS particlef26]. From the similarity between
the transient absorptions of both aqueous colloidal solutions,
it seems that the transient absorption of MA-CdS colloidal solutions, which was measured at 2ps and 1ns after laser
solution, measured immediately after the laser pulse excita-€Xcitation, is shown irFig. 3. The value ofAabsorbance
tion, also consists of the overlap of three absorptions origi- (AA) in the figure is shown as the normalized value that
nating from the trapped electrons, the trapped holes and theis the ratio of AA at each pH to the maximum value for
hydrated electrons. It is known that the hydrated electron €ach colloidal solution. As seen from the figure, the pH
production via a one-photon process such as the ejection ofdependence oAA was not observed for TG-CdS at both
electrons in conduction band generated by photo-excitationdelay times in the whole pH range, but it was observed
is energetically impossible, and that it occurs via two-photon for MA-CdS in lower pH range (below about 7) though
process like an Auger process for CdS particles in water the change iMA was moderate. NamelpA for MA-CdS
[15,17] tends to decrease with decreasing pH in the lower pH range
The pH dependence of the transient absorption intensity though the pH dependence is hardly observed in higher pH

(AA at 700nm) of both TG-CdS and MA-CdS colloidal range. The similar tendency was also observed in the whole
wavelength region (550-700 nm).

In an aqueous colloidal solution of TiQit is known that
the decay of its transient absorption tends to slow down
with increasing pH, since OHion acts as a hole scav-
enger[6]. If OH™ ion similarly acts as a hole scavenger

008 (MA-CdS at 2 ps)

§ i in the surface-modified CdS colloidal solution as well as in
3 the TiG; colloidal solution, some portion of the hole gen-
§ 510 ; . erated by the photo-excitation of TG-CdS will be trapped
—2 0.04 s [ " by the OH" ion in high pH range. Consequently, the hole
< g | . expected to recombine with the photo-generated electrons
- j L ‘ at 700 nm decreases and the transient absorption intengit) (ob-
(e e —— served immediately after the laser excitation should increase
0.00 L— . Y , 10ps with increasing pH in the longer wavelength region, where
500 600 700 the absorption is attributed to the photo-generated electrons.
Wavelength / nm However, such pH dependence was not observed, as seen

_ _ _ _ ~ from Fig. 3. In addition, the pH dependence was observed
Fig. 2.. The transient absqrptlon sp_ectrum of an aqueous colloidal solution only in low pH region even for an agqueous colloidal solu-
containing MA-CdS particles, which was observed at 2ps after laser tion of MA-CdS showina th H effect. Th i It .
excitation and corrected for the time dispersion (chirp) of the probe pulse. 0_ 0_ S O_ g e p efrect. €se results see
Inset is the time profile of the transient absorption at 700 nm in the early tO indicate that OH ion is difficult to approach to the CdS

decay stage. core of the surface-modified CdS particles because of the
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presence of the capping agent (TG and MA) which covers On the other hand, for aqueous colloidal solutions con-
the surface of the particles. Therefore, Okbn does not taining the surface-modified CdS particles such as MA-CdS
act as a hole scavenger in aqueous colloidal solutions con-and TG-CdS, we have already reported their photo-stability
taining surface-modified CdS particles. From such fact, itis as follows [30]. The capping agent that covers the sur-

supposed that the increase of the concentration of @id face of CdS particles can sufficiently compete with CdS
as a hole scavenger is not an appropriate reason why thétself (Eq. (3) for the hole trapping. Therefore, when
transient absorption intensitA@) of MA-CdS colloidal so- the surface-modified CdS aqueous colloidal solutions are

lution increases with increasing pH in the pH range of 4-7. photo-irradiated, the increase in absorbance in their ab-
On the other hand, when TG and MA were compared, pro- sorption band is observed with increasing irradiation time
ton dissociation equilibrium of the carboxyl group in MA is  at earlier stage of the irradiation. The aggregation of CdS
considered as a cause of the pH dependence of the transierarticles due to the oxidative elimination of capping agents
absorption of MA-CdS colloidal solution. The number of from their surface, which apparently increases the absorp-
MA with negative charge increases in the case of MA-CdS tion of the colloidal solutions by scattering an analyzing
by increasing pH, because MA combines with the CdS sur- light of a spectrophotometer at absorption measurements,
face by the thiol group and the carboxyl group is free for is more dominant than the dissolution of the particle. In
proton dissociation. The increase of MA with carboxyl an- this section, the pH dependence of the photo-stability
ion on the CdS surface by increasing pH is supposed to act(photo-aggregation and photo-dissolution) under the sta-
advantageously to some extent for the hole-trapping procesdionary photo-irradiation of these CdS aqueous colloidal
by capping agents, causing the increase of the trapped andolutions is also discussed in order to follow up the discus-
hydrated electrons which escaped the recombination with sion on the influence of proton-dissociation equilibrium of
holes. Though actualKy value of carboxyl group in the  capping agents on the hole-trapping process based on the
mercaptoacetic acid combining with CdS particles is uncer- subpicosecond spectroscopy in the previous section.
tain, probably the value seems to fall in the region of 3-5, by  Fig. 4 shows the relationship between the absorbances at
considering values of free mercaptoacetic aciki{p- 3.33 396 nm and irradiation times for TG-CdS and MA-CdS col-
[31]) and similar compounds such as acetic aci®{p= loidal solutions at various pH values. The absorbances in the
4.75 [31]) and glycolic acid (s = 3.83 [31]). The pre- figure are shown as the normalized value that is the ratio of
dicted K4 value is different to some degree from the pH absorbances at each time to that at time zero for the colloidal
range where the pH effect appeared in the transient absorp-solutions. The data were plotted only for irradiation times
tion of MA-CdS colloidal solution Fig. 3). However, the in which the precipitate of particles was not observed visu-
appearance of such difference and the gradual changé&of ally. And further, the lack of plot points at some pH values
in the lower pH range ifrig. 3, which are different fromthe  for TG-CdS is due to the fact that stable colloidal solutions
prediction from the proton-dissociation equilibrium of MA, are not available because of the aggregation of particles. For
may not be strange, if a small change in the ratio between
protonated and deprotonated MA does not have a sufficient
effect for hole trapping ability of the particle because a large
number of capping agents (MA) exist on the surface of one 1.4 | (TG-CdS)
particle.

3.2. The pH dependence of the photo-stability of aqueous
colloidal solutions containing the surface-modified CdS
particles under the stationary irradiation

It is confirmed that the dissolution of the CdS parti-
cle occurs, when the aqueous colloidal solution of CdS is
photo-irradiated under the existence of the dissolved oxy-
gen. The reaction mechanisms are as follows, and the sulfate
ion is formed[10,30].

Relative absorbance / a.u.

CdS+ hv — CdS(e” + h™) (1)
1 1 1 1 1
e +0, > 0y 2 0.0 1.0 2.0 3.0 4.0
h* + CdS— Cd?ts™ 3) Irradiation time / h
+q- - 2+ 2— Fig. 4. Relationships between the change of absorbance at 396 nm and
Cts + 0+ 07 — Cd" 4+ SOy (4) the irradiation time for both aqueous colloidal solutions of TG-CdS and
As a whole MA-CdS at various pH values. The pH of the solutions were 40, (

, ) 5.0 @), 6.0 (#), 7.0 (A), 8.0 (A), 9.0 (J), 10.0 ), and 11.0 O),
CdS+ 20, — Cd“" + SOs%~ (5) respectively.
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Fig. 5. Absorption spectra of an aqueous MA-CdS colloidal solution at P
pH = 4 and 11, which were recorded before (1) and after (2) the 396 nm

; . Fig. 6. Relationships between the change of absorbance at 396 nm and pH
irradiation for 4 h.

of the colloidal solutions of TG-CdS and MA-CdS at various irradiation
times.

TG-CdS, the pH dependence of the absorbance at each irra-
diation time was considerably small though the absorbancerange for MA-CdS and in the whole pH range for TG-CdS.
increased with increasing the irradiation time in whole pH Therefore, this result means thattand OH" ions in the
range measured. On the other hand, for MA-CdS, the in- colloidal solutions do not influence the photo-stability of
crease of the absorbance by increasing the irradiation timeboth colloidal solutions directly. The pH range where the
was not observed in the pH range higher than pH 7. In the pH effect appears on the photo-stability of MA-CdS was
pH range lower than 6, however, the absorbance increasedoughly the same as that where the pH dependence was ob-
with increasing irradiation time, and further the extent of the served for the subpicosecond spectroscopy described in the
increase clearly depended on pH of the solution. For exam-previous section. As already described in the previous sec-
ple, absorption spectra of MA-CdS colloidal solutions at pH tion, the carboxyl group of MA is protonated in the lower
4 and 11 recorded before and after the photo-irradiation for pH range though it is in deprotonated form in the higher
4 h are shown irFig. 5. It is clear that absorption spectrum pH range. It seems that the hole scavenging ability of the
of the MA-CdS colloidal solution at pH 11 hardly changes protonated MA is lower than that of the deprotonated one.
though that of the solution at pH 4 considerably increases by The speculation is supported from the results of subpicosec-
the photo-irradiation for 4 h. In order to better understand the ond spectroscopic stud¥ig. 3. However, it seems that the
pH dependence, the relationships between the normalizedelimination of the protonated MA from the particle occurs
absorbance at 396 nm and pH of the colloidal solutions for easily after trapping a hole, compared with that of deproto-
each irradiation times are plotted kig. 6. As can be seen  nated MA whose deprotonated carboxyl group acts as the
from the figure, very clear pH dependence appears at eachhole trapping site. Consequently the aggregation of the par-
irradiation time in the pH range lower than 7 for MA-CdS. It ticles occurs in the lower pH range for MA-CdS as well as
is very different from the case of TG-CdS in which such pH the case of TG-CdS in the whole pH range. As described
dependence of absorbance was not observed at any irradiaabove, it is considered that the increase of absorbance re-
tion times, though the absorbance increased monotonouslyflects the aggregation of colloidal particles due to oxidative
with increasing the irradiation time in whole pH range. elimination of a capping agent from the surface of the parti-
We discuss the cause of the difference in the pH depen-cles. And further the aggregation for MA-CdS may be also
dence of the photo-stability under the stationary irradiation influenced by the decrease in the surface charge due to hole
between MA-CdS and TG-CdS aqueous colloidal solutions. trapping in neutral pH range where the protonation of car-
If the electron scavenging action oftHion or the hole boxyl group in MA starts. Therefore, from the fact that the
scavenging action of OH ion in the solutions influences increase in the absorbance of TG-CdS was observed but its
the photo-stability of the colloidal solutions, the similar pH pH dependence was not observed by the photo-irradiation
dependence of the photo-stability should be observed forin the whole pH range, it is suggested that TG-CdS parti-
both colloidal solutions. However, the pH dependence of the cles without dissociable protons aggregate relatively easily
photo-stability was observed only for MA-CdS in the pH by photo-irradiation and the degree of the aggregation is al-
range lower than 7, but it was not observed in higher pH most same in the whole pH range.
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